Among all the various air pollution issues, greenhouse gases are the key environmental and global concern that the world is facing today. The European Union's project on Carbon Measurement Toolkit was developed to determine the greenhouse gas (GHG) intensities of products. This kind of evaluation is important for fast growing industrial nations, especially in assessing sources of alternative energy. Life cycle assessment or LCA is used to model the following fuels delivered to Singapore: foreign conventional fuel production; biofuels from palm oil grown in neighbouring countries (with 'worst' and 'best' cases of direct land use change); and biodiesel produced from used cooking oil in Thailand. The life cycle approach used in this article is similar to the method developed by the European Union's Carbon Measurement Toolkit. The case studies involve raw material production/plantation, processing and final delivery by long-distance transportation. The investigation highlights that despite being labelled as a "green" or "carbon neutral" source of renewable energy, the actual ability of biofuels (especially those made from crops) to reduce GHGs hangs delicately on several crucial factors, namely, direct land use change.
Introduction
Due to the depletion of fossil fuels, the use of biofuels as a renewable source of energy has gained worldwide attention. The focus on these 'green' energy carriers has accelerated along with the need to mitigate global warming.
However, long-term plans or strategies to replace biofuels with conventional ones should be implemented with caution. The authors assert that biomass-tobioenergy production systems are not without social and ecological risks since all fuel production industries require resource extraction and energy inputs [1] .
Biofuels cannot be considered a sustainable solution to energy security if their production results in environmental destruction, deforestation, or food shortage [2, 3] . The "Carbon Footprint" of a product is generally the sum of carbon dioxide (CO 2 ) and other greenhouse gases -carbon monoxide (CO), methane (CH 4 ), and nitrous oxide (N 2 O) -generated throughout the life cycle of a product. The European Union's Carbon Measurement Toolkit [4] was developed to calculate the total GHGs of products, taking into account all the phases of the life cycle ( fig. 1 ).
Figure 1:
Life cycle diagram of toolkit [4] .
Production of conventional fuel and biofuels
Based on the Carbon Measurement Toolkit concept, the following life cycle stages of fuels delivered to Singapore are modeled: 1) foreign conventional fuel production, which is locally refined into petro-diesel 2) biodiesel from palm oil with 'best' reported case of land use 3) biodiesel from palm oil with 'worst' reported case of land use 4) biodiesel produced from used cooking oil in Thailand. The life cycle system boundary is from 'cradle-to-pump'. The cradle starts with crude oil mining for case 1, biomass plantation for cases 2 and 3, and used cooking oil collection for case 4. The life cycle ends at the pump, which is selected as 1 MJ diesel/biodiesel ready for use.
Conventional fuel production (case 1)
Conventional fuel production is a matured industry and several reports describing its operations are widely available. The first life cycle stages of conventional fuel is foreign crude oil extraction and separation, next, storage and handling before it is shipped by ocean tanker to a refinery in Singapore ( fig. 2) . Fossil fuel inputs of oil and natural gas is required in the process [5] . Electrical energy is used for pumping and transferring crude oil out of wells, and injecting excess water back in. Compared to shipment distance from Middle East to Singapore (8,000 km), the emissions from local transportations for oil production, separation or storage/handling operations are considered minimal. At the refinery, the hydrocarbon chains are separated by fractional distillation at about 200°C and 350°C, followed by hydrocracking to produce petro-diesel. Life cycle of foreign fuel production.
The diesel yield from crude oil is taken to be 20%. It is also assumed that no losses occur during crude oil handling, storage and shipment. The energy value of the final diesel product is 42.9 MJ/kg [5] .
Biofuel from palm oil (cases 2 and 3)
Biodiesel is a form of biofuel which can be used to replace petro-diesel for a wide range of applications, including transportation and high-temperature industrial processes. For the case study, biodiesel produced from palm oil grown from a neighbouring country is considered. Several reports have described the processes involved in the production of palm oil [6, 7] . The life cycle stages start with plantation, harvesting of fresh fruit bunches (FFB), milling of FFB to produce crude palm oil (CPO), which is sent to the biorefinery ( fig. 3) .
Inputs of fertilizers, fuel, and electrical energy are required in palm oil cultivation and harvesting. The FFB yield is reported to be 18,870 kg per hectare (kg/ha) based on a reference year (2007); and 0.2 kg CPO can be derived from 1 kg FFB [8] . At the biorefinery, 95% of CPO is processed into refined, bleached and deodorized (RDB) oil and finally, 100% RDF is converted to biodiesel. The
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final biodiesel has a value of 37.9 MJ/kg [9] . Sequestration of CO 2 occurs via photosynthesis during the growth of palm oil trees. This article attempts to highlight the important fact that despite being labeled as 'green' or 'carbon neutral' fuels, the actual ability of biofuels (made from crops) to reduce greenhouse gases hangs delicately on several crucial factors, namely direct land use change [1] [2] [3] . Environmental scientists have been critical over biofuels made from palm oil primarily due the clearing of forestland and loss of biodiversity [3, 10, 11] .
Life cycle of palm oil to biodiesel.
Biodiesel production from used cooking oil in Thailand (case 4)
The fourth case study is from Thailand, where used cooking oil (UCO) is collected and converted into biodiesel via a process known as transesterification ( fig. 4 ). The process is semi-continuous, with a maximum operating capacity of 3 batches per day [12] . The production output is reported to be 1000 litres per batch. The reactants for the process are methanol (mainly) and sodium hydroxide or NaOH as catalysts. Energy requirements are supplied as electrical power from the Thai national electricity grid [12] . The energy content of the biodiesel is expected to be 42.65 MJ/kg [13] . 
Palm
GHG emission data and calculations
Greenhouse gas emission data
The data for the case studies are obtained from personal communication with companies and institutes involved in palm oil biodiesel research, and supplemented by several reports [5, [7] [8] [9] 12] . They are compiled in Tables 1, 2 and 3. In case studies 2 and 3, fertilizer inputs are required during the plantation stage. Inputs and associated GHG for UCO to biodiesel production. 
Net GHG from direct land use change (LUC)
Direct land use change or LUC is associated with the conversion of land area for the purpose of the supply chain production of a biofuel product [13] . Estimations of GHG emissions from direct LUC have been discussed in many reports [3, 9, 11] . But to date, there is no internationally recognized "standard model" or data relating to land use practices. Therefore, the authors emphasize that in this article, the 'best' and 'worst' case for LUC does no represent a globally accepted benchmark for GHG emissions for any agriculture-related land use applications.
The estimation of direct LUC applied for case studies 2 and 3 is the projected GHG emissions due to the clearing of a forestland area (deforestation) for growing palm oil biomass required per 1 MJ biodiesel. For each case, the net GHG from palm oil LUC is calculated as:
NetGHG land = LUC CO2-eq -Palm CO2 …………………………… (2) where LUC CO2-eq :
The total GHG emissions (per year) due to the clearance of tropical forest area to produce crude palm oil Palm CO2-eq :
The amount of CO 2 absorbed by the palm tree (also per year).
Chen [7] estimated that 0.87 kg CO 2 can be absorbed by palm oil plantations via photosynthesis per kg CPO produced. Since 0.026 kg biodiesel is equivalent to 1 MJ biodiesel, the amount of CPO required in its production is 0.0273 kg. This can be translated to 0.87 x 0.0273 = 0.002375 kg CO 2 -eq sequestered per MJ biodiesel. For 'best' reported case, palm oil is grown on existing cropland and hence: LUC CO2-eq = 0.
The focus for 'worst' case is on GHG emissions from deforestation. It has been projected that for every kg of CPO produced, about 6.65 kg of CO 2 -eq is released to the atmosphere due to carbon losses from direct LUC (deforestation) [9] . This corresponds to CO 2 emissions of: ⇒ 6.65 x 0.0273 = 0.1815 kg CO 2 -eq released for every MJ biodiesel.
NetGHG land is considered zero for cases 1 and 4.
Results and discussions
The results are displayed in figures 5 to 8. It can be observed from fig. 5 that most of the GHG are first of all from crude oil extraction (68% of the total) and next, the refinery (about 32%). Very minimal emissions are observed from the delivery of crude oil to Singapore and even less from crude oil storage and handling. Fig. 6 illustrates the environmental benefit of palm oil grown on dedicated cropland to produce biofuels (where LUC CO2-eq = 0). Any contributions to global warming from plantation, milling and the biorefinery can be considered insignificant compared to large benefits of sequestering CO 2 by palm trees via Air Pollution XVII 335 www.witpress. com, ISSN 1743-3541 (on-line) photosynthesis. The total net GHG generated is negative for the entire biodiesel life cycle. For case 2 biodiesel can be regarded as an environmentally friendly and sustainable option for replacing conventional fuels. GHG results for 1 MJ biodiesel from palm oil ('best' case of land use). Fig. 7 displays one of the 'worst' case of land use change for growing palm oil to produce biodiesel [9] . The attempt to sequester CO 2 from palm trees pales in comparison to the huge amounts of GHG emissions caused by deforestation. All other stage (plantation, milling, biorefinery) for palm oil to biodiesel is taken to display the same trend as fig. 6 since the same practise for palm oil processing is considered. Finally, fig. 8 displays the GHG for the life cycle stages of UCO to biodiesel produced in Thailand [12] . The greenhouse emissions are mostly from the use of reactants (75% of the total) and the rest are from electrical energy inputs for the process. Very minimal emissions are shown to be from transportation.
A final comparison of all four cases is displayed in fig. 9 . As expected, the least preferred option is case 3. The generation of GHGs from the conventional production of petro-diesel (case 1) is less than those from case 3. These two examples highlight that if not produced sustainably, biodiesel are worse than conventional fuels in their contribution to global warming.
The huge contrast between the environmental performances of cases 2 and 3 show that biofuels can potentially be a carbon negative source of energy, but their actual ability to offset GHGs depend on how the biomass feedstock is produced. The fourth option, which is the conversion of UCO into biodiesel, exhibits great prospective for the recycling of used or waste oils, as well as, for reducing global warming impacts. Such sustainable biodiesel production strategies, from non-edible sources, are expected to result in improved air quality and greenhouse gas mitigation [13] .
Further discussions on direct LUC
The sustainability of biofuel production systems is under intense scrutiny as their contribution towards, or ability to reduce, greenhouse gases remain unclear and controversial [10, 11] . In this article, the authors attempt to demonstrate the two extreme ends of the global warming impacts of biodiesel based on 'best' and 'worst' reported cases of palm oil biomass resources, and compare their environmental performances with conventional fossil fuel and another source of biodiesel.
Case studies 2 and 3 were based on the amounts of CO 2 sequestration by palm trees [7] , and the net GHGs arising from direct LUC [9] . It should be highlighted again that presently there are no global standards or models of assessing greenhouse gases from direct LUC [14] . The method of calculation presented in this article does not necessarily represent a global or "standard" measure of GHG emissions for any agriculture-related land practises. For example, Reijnders and Huijbregts [15] reported that GHGs from palm oil plantations which replace tropical forests can range between 2.8 to 19.7 kg CO 2 -eq per kg palm oil. By applying these values in Eqn (2), the total global warming results for case 3 will decrease slightly (with 2.8 kg CO 2 -eq per kg palm oil) or increase tremendously (19.7 kg CO 2 -eq per kg palm oil).
However, it is worth noting that generally many scientists unanimously agree that biofuels produced from converted land, particularly tropical rainforests, have greater GHG impacts than the fossil fuels they replace [9, 11, 15] .
Conclusions
Worldwide, the primary focus of air pollution mitigation is on greenhouse gas reduction or minimization. Biofuels are expected to help moderate global warming impacts as well as reduce the dependence on fossil fuels. However, caution should be employed in the move towards the large scale replacement of conventional energy resources with renewable ones. Although claimed to be "carbon neutral", the actual potential of any renewable fuel to absorb CO 2 should be properly measured through its life cycle, or, from cradle-to-pump.
Tools to model or measure the carbon footprint of products are necessary to ensure that any strategies established for promoting renewable energy sources will properly mitigate -rather than contribute to -greenhouse gases in the atmosphere [16] . This kind of work demonstrates the importance of carbon footprint measurement tools, based on LCA, to provide relevant information necessary in establishing the right policies and strategies aimed at minimizing greenhouse gas pollution.
